Abstract The effects of divalent cations and some Ca2+ antagonists on the non-adrenergic inhibitory potential (i.p.) in the duodenal smooth muscle cells of the guinea-pig were investigated intracellularly. The membrane potential was a function of the external Ca2+ (0.25-7.5 mM) and Mg2+ (1.2-24 mM) concentrations. The latency and the time to peak of the i.p. were prolonged by low Ca2+ and excess Mgt+. The amplitude and the rate of hyperpolarization of the i.p. were reduced by low Ca2+ and excess Mgt+. The effects of Mn2+ (5-10 mM) on the i.p. were similar to those by excess Mg2+ except for the small depolarization. The i.p. evoked in the Ca2+-free solution was considerably restored by the addition of Ba2+ (1.25 mM) and Sr2+ (2 mM). The actions of Ba2+ and Sr2+ on the i.p. were inhibited by verapamil (10_ 4 g/ml). Verapamil (2 x 10-5-2 x 10-4 g/ml) and gentamicin (10-3 g/ml) reduced the amplitude and the rate of hyperpolarization of the i.p. The latency and the time to peak of the i.p. were prolonged by verapamil but not by gentamicin. In nifedipine (10-g/ml), the two-peaked i.p. was evoked by a single stimulus. This potential was similar to that evoked by a paired pulse in normal solution. The results obtained suggest that the released of the non-adrenergic inhibitory substance requires Ca2+ which moves into the non-adrenergic inhibitory neurons through the Cat + conductance pathway.
on non-adrenergic inhibitory evoked potentials have been investigated, details of the actions of these ions still remain unclear.
In the motor nerve terminals, the important participation of Ca2+ in the secretion of neurotransmitter substance has been demonstrated MILEDI, 1965, 1969a, b) . The process of the secretion includes Ca2+ influx into the nerve terminal membrane. The possibility that the release of non-adrenergic inhibitory substance from the nervous elements utilizes the same mechanism of the motor nerve endings is suggested by HOLMAN and WEINRICH (1975) . If the release of non-adrenergic inhibitory substance is related to Ca2+ influx, investigations on the effects of other divalent cations which affected the release of neurotransmitter in motor and other nerve endings (DOUGLAS et al., 1961; MILEDI,1973 ; JENKINSON, 1957; MCLACHLAN, 1977; SILINSKY, 1978; KHARASCH et al., 1981) are useful for understanding the process of the non-adrenergic inhibitory substance release.
The present experiments were carried out to investigate the effects of the alkaline earth series on the generation of the inhibitory potential in duodenal smooth muscle. The effects of some Ca2+ antagonists on the inhibitory potentials were also examined to study the role of Ca2+ in the non-adrenergic inhibitory substance release.
METHODS
Guinea-pigs of either sex weighing 300-400 g were stunned and bled, after which a short segment (N 3 cm from the pylorus) of duodenum was removed. The duodenum was opened along the mesenteric border and a full-thickness strip (4 mm x 2 mm) was cut parallel to the longitudinal direction. The strips were mounted serosal surface uppermost in an organ bath with approximately equal lengths of tissue being placed between the stimulating electrodes. Inhibitory potentials were recorded with intracellular micro-electrodes placed less than 1 mm from one of the stimulating electrodes in response to rectangular pulses (usually 0.6 msec duration at constant strength). The micro-electrodes were inserted from the serosal side. The modified Krebs solution contained (mM) : NaCI 122, KCl 4.9, NaHC03 15.5, KH2P04 1.2, CaC12 2.5, MgC12 1.2, and glucose 11.5. The drugs used were as follows : gentamicin sulfate (Sigma), nifedipine (Adalat, Yoshitomi-Bayer), and verapamil hydrochloride (Eisai) .
Values of the measured parameters of muscle membrane and inhibitory potentials were expressed as the mean+S.E. (n=number of penetrations of the micro-electrode or number of observed inhibitory potentials). Statistical significance was assessed using Student's t-test.
RESULTS

Inhibitory potentials in the duodenal smooth muscle
The resting membrane potential of the smooth muscle cells of the guinea-pig duodenum was -52.4+0.4 mV (n=95 in 21 preparations). When a single stimulus was applied to the preparation, an inhibitory potential (i.p.) was evoked. It has been reported that in the duodenal smooth muscle of the guinea-pig, a very small number of cells exhibited spontaneous or evoked excitatory junction potentials (OHKAWA, 1983a) . However, neither spontaneous nor evoked excitatory junction potentials were observed in the present experiment which was carried out in the absence of atropine. The parameters of the i.p. were not affected by atropine (2 x 10-6 g/ml). Guanethidine (10-5 g/ml) did not inhibit the i.p. of the duodenal smooth muscle, as reported previously (OHKAWA, 1983b) . Therefore, the present experiments were carried out in the absence of atropine and guanethidine.
Examples of the evoked i.p. are shown in Fig. IA-3 . The parameters of the i.p. were as follows: the latency was 64.9 +0.9 msec (n=135, 51 cells in 8 preparations), the time to peak of the i.p. was 145.8± 1.5 msec (n=135), the amplitude was 16.7±0.3 mV (n=135), the rate of hyperpolarization was 118.4±3.1 mV/sec (n=135), and the half decay time of the recovery phase of the i.p. was 204.7±4.6 msec (n=135). The mean values were similar to those described previously (OHKAWA, 1983a) . The parameters of the i.p. obtained from one cell have some wide variation even under the same condition of stimulation. Therefore, it is A, inhibitory potentials evoked by a single pulse (0.6 msec duration) in various calcium concentrations (0.25-7.5 mu). B and C, inhibitory potentials evoked by a repeated stimulation (4 and 12 Hz) in various calcium concentrations. necessary to record several i.p.s from one cell for measuring the parameters of the i.p.
When a repeated stimulation at frequencies less than 5 Hz was given, successive i.p.s were evoked (Fig. 1B-3 ). The amplitude of these i.p.s was gradually reduced during the stimulation. The ratio of the amplitudes of the fifth i.p. and the first i.p. was 0.85 (n=8).
The post-stimulus depolarization (p.s.d.) due to an i.p. was observed but not always even under the same condition of stimulation and even in the same cell. In the present experiments, the difference between the resting membrane potential and the membrane potential at 1 sec after the onset of the stimulus artefact was used as the size of the p.s. 
Calcium ions
Decreased concentrations of calcium depolarized the membrane ( Fig. 2A) . At 0.25 mM Ca2+, the membrane potential was -47.8±0.6 mV (n=29 in 3 preparations, p<0.001) and -49.5±0.6 mV (n=28 in 3 preparations, p<0.001) at 1.25 mM Ca2+. The membrane potential was increased by increasing the calcium concentration (-57.1±0.6 mV, n=69 in 10 preparations, p<0.001, and -58 .2±0.6 mV, n=25 in 3 preparations, p<0.001, at 5 and 7.5 mM Ca2+, respectively).
The i.p.s evoked by single stimuli in the various concentrations of calcium are shown in Fig. 1A . The i.p. was obviously affected by the external calcium concentrations. The changes in the parameters of the i.p.s are summarized in Fig. 2 . As shown in Fig. 2B , the low calcium concentrations significantly prolonged the latency (p<0.001). The latency (55.5±0.7 msec, n=87, 21 cells in 4 preparations, p<0.001) at 5 mM Ca2+ was shorter than that in normal solution. The time to peak of the i.p. was prolonged by decreasing the calcium concentration and shortened at 5 mM Ca2+ (Fig. 2C) . Figure 2D shows the effect of calcium ions on the amplitude of the i.p. The amplitudes of the i.p.s were 5.1±0.3 mV (30.8 % of control, n=22, 17 cells in 3 preparations) at 0.25 m vi Ca2+, 8.8±0.5 mV (52.4%, n=19, 16 cells in 3 preparations) at 1.25 mM Ca2+, and 22.1±0.3 mV (132.2%, n=123, 32 cells in 10 preparations) at 5 mM Ca2t Between these concentrations, the amplitude of the i.p. increased with increasing the calcium concentration. The values were significantly different from the control value (p<0.001). At 7.5 mNi Ca2+, the amplitude (20.0±0.6 mV, 119 %, n=42, 11 cells in 3 preparations) was slightly smaller than that at 5 mM Ca2+. The tendency in changes on the rate of hyper-polarization in various concentrations of calcium was similar to that in amplitude, as shown in Fig. 2E . There were no significant differences in the half decay time. At 5 mNi Ca2+, the amplitude and the rate of hyperpolarization of the i.p. increased and the latency and the time to peak reduced with increasing the pulse intensity and duration (Fig. 2F) .
When a repeated stimulation (4 Hz, 4-6 pulses) was given, the amplitude of successive i.p.s could be measured as shown in Fig. 1B . The ratio of the amplitudes of the fifth i.p, and the first i.p. (A5/A1) was calculated. The values of the ratio were 0.72 at 1.25 mM Ca2+ and 0.79 at 5 mM Ca2+ (n=10-12). At 0.25 mM Ca2+, the amplitudes of successive i.p.s were gradually increased. The values of the ratio were 1.35 and 1.58 at A2/A1 and A5/A1, respectively (n=9). The interval Vol. 34, No. 3, 1984 Fig. 2. Effects of Ca2+ on the membrane potential and the parameters of the inhibitory potential in the duodenal smooth muscle cells of the guinea-pig. A, membrane potentials in various calcium concentrations (0.25-7.5 mM). B-E, parameters of the inhibitory potentials evoked by single stimuli. F, effects of intensity and duration of stimulation on the inhibitory potentials evoked by single stimuli in 5 mM Ca2+ ** p< 0.001. between a stimulus and the peak of the i.p, due to the stimulus prolonged slightly at the later pulses. The prolongation of the interval was observed in various concentrations of calcium.
The hyperpolarization due to successive i.p.s evoked by the frequency of 12 Hz reached its maximum value within 3-4 pulses (about 300 msec, Fig. 1C ). The membrane potential gradually returned toward the initial level during the stimulation. When the stimulation ceased, the membrane potential decreased rapidly and the p.s.d. was generated. The maximum amplitude of the hyperpolarization was dependent on the calcium concentrations. The maximum amplitude at 5 mM Ca2+ was 23.3+0.4 mV (n=13).
The magnitudes of the p.s.d, due to an i.p. obtained in various concentrations of calcium were compared. However, the size of the p.s.d. was not dependent on the calcium concentrations. The mean values of the size of the p.s.d, scattered between 2.0 and -1.5 mV. The action potentials on the p.s.d. were suppressed in the low calcium concentrations.
Magnesium ions
In a series of experiments on the effects of magnesium ions on the i.p., the external calcium concentration of 5 mM was employed since the amplitude of the i.p. was large and measurement of changes in the parameters of the i.p. was easy. The magnesium concentration was changed from 1.2 mM (normal solution) to 24 mM.
The membrane potential increased slightly with increased the Mg2+ concentration ( Fig. 3C-a) . The membrane potentials were -59.5±0.3 mV (n=14 in 3 preparations) at 6 mM, -60.1+ 1.1 mV (n=19 in 4 preparations, p<0.02) at 12 mM, and -60.3+0.9 mV (n=16 in 3 preparations, p<0.02) at 24 mM Mg2 +, respectively. The significance test was made between 5 mM Ca2}-normal solution and the various concentrations of Mg2+ (Fig. 3C ). Figure 3A shows the i.p.s evoked in high Mg2+ concentrations. The i.p.s were obviously influenced by the external Mg2+ concentrations. Figure 3C -b-d shows the parameters of the i.p.s evoked in the various concentrations of Mg2+ The latency prolonged at 12 and 24 mM Mg2+ (p<0.001, Fig. 3C-b) . The amplitude of the i.p. evoked by single stimulus (0.3 and 0.9 msec duration) was strongly reduced by high Mg2+ solution ( Fig. 3C-c ). The amplitudes of the i.p.s evoked by 0.3 msec duration were 14.7±0.3 mV (n=23,13 cells in 3 preparations) in control, and 10.5+0.5 mV (71.3 % of control, n=33, 14 cells in 3 preparations, p<O.o01), 7.1±0.4 mV (48.2%, n=35, 16 cells in 4 preparations, p<0.001), and 2.1±0.1 mV (14.6%, n=24, 15 cells in 3 preparations, p<0.001) at 6, 12, and 24 mM Mg2+, respectively. These decreases in the amplitude were reversible. The degree of the decrease in the amplitude of the i.p. evoked by 0.9 msec duration was smaller than that evoked by 0.3 msec duration. At 24 mM Mg2+, the amplitude of the i.p. evoked by 0.9 msec duration was 57.7 % of control (n=22, 
cells in 2 preparations).
The rate of hyperpolarization of the i.p. decreased with increasing the Mg2+ concentration (6-24 mM, p<0.001, Fig. 3C-d) . However, there were no significant differences between the half decay times. The magnitude of the p.s.d. was nearly the same.
The mean values of the ratio of A5/A1 were 0.79 in control, 0.68 at 6 mM, 0.56 at 12 mM, and 0.64 at 24 mM Mg2+, respectively (n=5-8). The maximum amplitude of the hyperpolarization due to repeated stimulation (12 Hz, 10-12 pulses) was dependent on the external magnesium concentrations (Fig. 3B) . The generation of action potentials on the p.s.d. was strongly suppressed by high magnesium concentrations.
Manganese ions
The effects of manganese ions on the i.p. were examined. For avoiding precipitation, MgCl2 and KH2P04 were removed from the normal solution and 5 mM Ca2+ was employed. In this solution (control solution), the membrane potential was -57.3+0.6 mV (n=36 in 5 preparations) and was not different from the membrane potential of cells in 5 mM Ca2+-normal solution. However, the parameters of the i.p. evoked in the control solution were slightly different from these in 5 mM Ca2+-normal solution. The latency and the time to peak were slightly shortened and the amplitude of the i.p. was slightly reduced. The rate of hyperpolarization and the half decay time were not altered. The magnitude of the p.s.d. (4.6+0.3 mV, n=53, 7 cells in 3 preparations) was slightly larger than that in normal solution.
In the normal solution, the Mn2+ concentration ranged from 2 to 10 mM. The membrane potential was decreased by high Mn2+ concentration. The membrane potentials were -56.4±0.6 mV (n=12 in 3 preparations, no significance), -50 .3±1.1 mV (n=12 in 3 preparations, p<0.001), and -48.8±1.4 mV (n=12 in 3 preparations, p<0.001) at 2, 5, and 10 mM Mn2+, respectively ( Fig. 4C-a) . Figure 4A shows the i.p.s evoked in the control solution and in various Mn2+ concentrations. The amplitudes of the i.p. were 18.1±0.4 mV (n=54, 26 cells in 5 preparations) in control solution, and 18.9± 1.0 mV (n=33,12 cells in 3 preparations, no significance) at 2 mM,15.9±0.7 mV (n=44,12 cells in 3 preparations, p<0.00S) at 5 mM, and 3.6±0.5 mV (n=11, 7 cells in 3 preparations, p<0.001) at 10 mM Mn2+ (Fig. 4C-d) . The latency and the time to peak were prolonged (Fig. 4C-b, c) and the rate of hyperpolarization and the half decay time were increased significantly by 5 mM Mn2+. The size of the p.s.d. was slightly reduced. The generation of the action potentials on the p.s.d. was strongly suppressed by high Mn2+ solution. These inhibitory actions of manganese ions on the i.p. were reversible. Figure 4B shows successive i.ps s evoked by a stimulation of 4 Hz. The ratio of AJA, reduced in 5 mM Mn2+
Barium and strontium ions
The possibility of substitution by barium and strontium ions for calcium ions on the generation of the i.p. and/or the release of the non-adrenergic inhibitory substance was examined. BaCl2 (0.25-1.25 mM) was added into the Catfree solution. The membrane potential was decreased significantly by the Catfree Ba2+ solution. The membrane potentials were -44.3+1.3 mV (n=12 in 3 preparations, p<0.001), --45.4±1.3 mV (n=12 in 3 preparations, p<0.001), -45 .2±0.8 mV (n=12 in 3 preparations, p<0.001) at 1.25, 0.5, and 0.25 mM Vol. 34, No. 3, 1984 Ba2+, respectively ( Fig. SC-a) . Figure 5A shows the i.p.s evoked in the various barium concentrations in Ca2+-free solution. The amplitude of the i.p. in normal solution was 20.8+0.4 mV (n=37, 14 cells in 3 preparations). The amplitude was reduced by pretreatment with the Ca2+-free solution (9.5+0.2 mV, n=25, 17 cells in 3 preparations) but it was restored by the additional application of Ba2+, i.e., the amplitudes Japanese Journal of Physiology (1) and 1.25 mM Ba2+-Ca2+-free solution (2). C, membrane potentials and the parameters on the inhibitory potentials evoked by single stimuli in various barium concentrations in Ca2+-free solution.
D, inhibitory potential evoked by single stimulus in 1.25 mM Ba2+-Ca2+-free solution (1) and effect of verapamil (10-4 g/ml) on the inhibitory potential (2; 15 min and 3; 20 min of perfusion). * p <0.O05 and * * p <0.001.
were 9.6+0.3 mV (46.2% of control, n=46, 16 cells in 3 preparations) at 0.25 mM,18.6+0.4 mV (89.4%, n=26,11 cells in 3 preparations) at 0.5 mM, and 18.2+ 0.4 mV (87.5%, n=42, 16 cells in 3 preparations) at 1.25 mM Ba2+ (Fig. SC-b ). The parameters of the i.p. obtained at 1.25 mM Ba2+ were similar, except the latency, to these in normal solution. The size of the p.s.d, due to an i.p. evoked in 0.5 and 1.25 mM Ba2+ was similar to that in normal solution. The action potentials on the p.s.d. were sometimes observed in 0.5 and 1.25 mM Ba2+ solution. The value of the ratio of A5/A1 in 1.25 mM Ba2+ solution was similar to that in normal solution (Fig. SB) .
The i.p.s evoked in 1.25 mM Ba2+ solution were suppressed by the additional application of verapamil 10-4 g/m1 (Fig. SD) . The mean amplitude of the i.p. during the initial 15 min of the perfusion of verapamil was 11.9 mV (n=17) but the i.p. was completely blocked after 20 min perfusion of verapamil.
SrC12 (2 mM) was added into the Ca2+-free solution. The effect of Sr2+ on the i.p. was similar to that of Ba2+, i.e., the decreased amplitude of the i.p, in Ca2+-free solution was restored by the addition of Sr2+ (Fig. 6A ) and this i.p, was completely blocked by verapamil (10-4 g/ml). Changes in successive i.p.s evoked by a repeated stimulation (4 Hz) in the presence of Sr2+ and verapamil were also similar to these in Ba2+ (Fig. 6B) . Vol. 34, No. 3, 1984 Fig. 6. Effects of Sr2+ on the inhibitory potentials in the duodenal smooth muscle cells of the guinea-pig evoked by single and repeated stimulation. A, inhibitory potentials evoked by a single stimulus (0.6 msec duration) in normal solution (1), Ca2+-free solution (2), Sr2+ 2 mM Ca2+-free solution (3), and verapamil 104 g/ml in Sr2+-Ca2+-free solution (4). B, inhibitory potentials evoked by a stimulation of 4 Hz in normal solution (1), Ca2+-free solution (2), Sr2+ 2 ms Ca2+-free solution (3), and verapamil (10_4 g/ml) in Sr2+-Ca2+-free solution.
Verapamil
Verapamil, at the high concentrations (2>< 10-5 and 2 x 10-4 g/ml), depolarized the cell membrane. The membrane potentials were -56.5±1.1 mV (n= 15 in 3 preparations) in normal solution, and -55.8±0.8 mV (n=18 in 3 preparations, no significance) at 2x 10_B g/ml, -53.2±0.8 mV (n=15 in 3 preparations, p<0.02) at 2 x 10-5 g/ml, and -52.4±0.7 mV (12 cells in 3 preparations, p<0.01) at 2 x 10-4 g/ml verapamil ( Fig. 7D-a) . Figure 7A shows the i.p.s evoked in verapamil. The parameters of the i.p.s evoked in verapamil are summarized in Fig. 7D . The latency and the time to peak were prolonged and the amplitude and the rate of hyperpolarization of the i.p., obtained in verapamil 2 x 10-5 and 2>< 10-4 g/ml, were reduced (Fig. 7D b-e). These changes were significant (p<0.001) but the half decay time was not altered. The mean amplitude of the i.p, at 2 x 10-4 g/ml verapamil was 60.8 of control but the decrease in the amplitude progressed with the perfusion period.
The size of the p.s.d. due to an i.p. was similar to that in normal solution. The action potential on the p.s.d. due to an i.p. was not observed. The ratio of A5/A1 obtained by a stimulation of 4 Hz was reduced from 0.69 (n=5) to 0.44 (n=5) in verapamil 2x 10-4 g/ml (Fig. 7B) . The maximum amplitude of the hyperpolarization due to a repeated stimulation (12 Hz, 10-12 pulses) was also reduced from 20.7 mV (n=4) to 11.8 mV (60.7% of control, n=5) by 2 x 10-4 g/ml verapamil (Fig. 7C) .
Gentamicin
In the present experiments, the external calcium concentration was 5 mM. The membrane potential did not change in the concentration of 10_6 and 10-5 g/ml gentamicin but it was decreased by 10-4 and 10 g/ml gentamicin, i.e., the membrane potentials were -57.1±0.6 mV (n=69 in 10 preparations) in 5 mMCa2+-normal solution and -51.2±1.1 mV (n=15 in 3 preparations, p<0.001) and -48.3±1.0 mV (n=23 in 3 preparations, p<0.001) at 10-4 and 10 g/ml gentamicin ( Fig. 8E-a) . These membrane potentials in gentamicin were comparable to these in low calcium concentrations. Figure 8A shows examples of the i.p. evoked in gentamicin. The parameters of the i.p. were not affected by low concentrations of gentamicin (10_6 and 10-5 g/ml). However, the amplitude of the i.p. was slightly reduced by 10 g/ml gentamicin. The amplitude of the i.p, was 17.3±0.7 mV (84.8% of control, n=29, 13 cells in 3 preparations, p<0.025) (Fig. 8E-b) . The latency and the time to peak were not affected but the rate of hyperpolarization and the half decay time were reduced (71.8 and 62.9 % of control, respectively).
In general, the size of the p.s.d. was slightly reduced and action potentials on the p.s.d. were diminished by gentamicin 10 g/ml (Fig. 8B) . The rate of decrease in the amplitudes of successive i.p.s in gentamicin 10 g/ml was larger than that in normal solution (Fig. 8C) . The maximum amplitude of the hyper- Fig. 7 . Effects of verapamil on the membrane potential and the inhibitory potential in the duodenal smooth muscle cells of the guinea-pig evoked by single and repeated stimulations. A, inhibitory potentials by single stimuli (0.6 msec duration) in various verapamil concentrations (VM, 2 x 10-6-2 x 10-~ g/ml). B and C, inhibitory potentials evoked by repeated stimulation (4 and 12 Hz) in normal solution (1) and verapamil 2 x 10 g/ml (2). D, membrane potentials and the parameters of the inhibitory potentials evoked in various concentrations of verapamil. * p <0.005 and * * p <0.001.
polarization due to a repeated stimulation (12 Hz) decreased in gentamicin 10 g/ml (Fig. 8D ).
Nifedipine
The membrane potential was not affected by nifedipine (10-E-10-4 g/ml, -51 .7±0.8 mV, n=25 in 3 preparations, in normal solution and -52.1± 1.0 mV, n=14 in 3 preparations at 10-4 g/ml nifedipine). Examples of the i.p.s evoked in nifedipine (10_6 and 105 g/ml) are shown in Fig. 9A . A notch on the recovery phase of the i.p, was observed, in other words, the second peak of the i.p. was produced due to a single pulse. The amplitude of the second peak was smaller than that of the first peak of the i.p. Separation of these two peaks was clearly observed at 10-4 g/ml nifedipine (Fig. 9B ).
Japanese Journal of Physiology (1) and gentamicin 10-3 g/ml (2). C and D, inhibitory potentials evoked by repeated stimulations (4 and 12 Hz) in normal solution (1) and gentamicin 10-3 g/ml (2). E, membrane potentials and the amplitudes of the inhibitory potential in the presence of gentamicin. * p <0.025 and * * p<0.001. Fig. 9 . Effects of nifedipine on the inhibitory potentials in the duodenal smooth muscle cells of the guinea-pig. A, examples of the inhibitory potentials evoked by single stimuli (0.b msec duration) in nifedipine (10-6 and 10 g/ml, NF). B, examples of the inhibitory potentials evoked by single stimuli in nifedipine 10 g/ml. Two-peaked inhibitory potentials were clearly observed at the later phase of the perfusion (lower panels). C, inhibitory potentials evoked by paired pulse in normal solution. Pulse intervals are 50 msec (1) and 230 msec (2). D, parameters of the inhibitory potentials evoked by single stimuli in nifedipine. ** p<0.001. first i.p., n=43, 14 cells in 3 preparations). The intervals between the stimulus to the first peak (t1) and to the second peak (t2) of the i.p. were 136 msec (n=42, 13 cells in 3 preparations) and 317 msec (n=42). The separation of these two peaks of the i.p. progressed with the perfusion period (Fig. 9B) . The half decay time of the second i.p. was similar to that of the i.p, with single peak obtained in normal solution. The rate of hyperpolarization of the second i.p. could not be measured but it seems to be smaller than that of the first one.
In one experiment, a paired pulse was given to a preparation in normal solution. A two-peak i.p. was produced by this stimulation and the amplitude of the second i.p. was smaller than that of the first (Fig. 9C) . When the interval of a paired pulse was set at 89 msec, the interval between the first stimulus and the second peak of the i.p, was 315 msec, which was similar to the t2. In normal solution, the value of the ratio of A2/A1 was 0.97. When the latency for the second pulse was assumed to be the same as the first latency, the time to peak of the second i.p. was 144 msec (178 % of the first latency) and the rate of hyperpolarization of the second i.p, was 54.7 % of the first one. The time to peak and the rate of hyperpolarization of the second i.p. obtained in nifedipine were calculated as 183 msec (201 % of the first one) and 39.3% of the first one, respectively, when the same procedure of measurement was applied to the two-peaked i.p. in nifedipine.
The size of the p.s.d. of the i.p. obtained at 10-4 g/ml nifedipine was slightly smaller than that in normal solution. The total durations of the i.p, evoked in normal solution and in nifedipine were nearly the same.
DISCUSSION
The evidence that the resting membrane potential of the duodenal smooth muscles was a function of the external calcium concentration confirmed the observations reported in the case of guinea-pig taenia coli and other intestinal smooth muscles (BULBRING and KURIYAMA,1963; KURIYAMA,1963) . However, the changes in the resting membrane potential by Ca2+ seem not to be directly related to the amplitude of the i.p. because, since the reversal potential of the i.p. which is estimated about -90 mV (BYWATER et al., 1981) is constant, the amplitude of the i.p. would be decreased by excess Ca2+ and vice versa. Excess Mg2+ hyperpolarized the membrane. Nevertheless, if the resting membrane potential in excess Mg2+ was far from the estimated reversal potential, the amplitude of the i.p. was strongly decreased. These findings suggest the possibility that Ca2+ and M2+ interact with the release of the non-adrenergic inhibitory substance.
The parameters of the i.p. obtained from one cell had some variations. The reason for this lies in the distribution of the cellular elements which release the non-adrenergic inhibitory substance in the duodenal region.
On the action of calcium ions on the non-adrenergic inhibitory potential in the intestinal smooth muscles, two different results have been reported. One has shown that the amplitude of the i.p. was not a function of the external calcium concentration (HIDAKA and KURIYAMA, 1969) , and the other demonstrated that the amplitude of the i.p. decreased markedly on reducing the calcium concentration (HOLMAN and WEINRICH, 1975; LANG, 1979) . The present results agree with the latter set of findings, i.e., the amplitude of the i.p. in the doudenal smooth muscle was strongly reduced with decreasing the external calcium concentration. Furthermore, it was found that the amplitude of the i.p. was increased with increasing the calcium concentration over the normal level. The prolongation in the latency and the time to peak of the i.p. was observed in low calcium concentrations. The results obtained suggest that the presence of calcium ions is necessary for the release of the non-adrenergic inhibitory substance. However, the participation of calcium ions in the liberation of the non-adrenergic inhibitory substance is not clear.
The necessity of the presence of external calcium ions including the Ca2+ entry into the terminal membrane has been demonstrated in the release of the transmitter by depolarization of the motor nerve ending MILEDI, 1965, 1969a, b) . In the non-adrenergic inhibitory transmission in the duodenal smooth muscle, it is considered that Ca2+ moves into the non-adrenergic inhibitory neurons when electrical stimulation was applied because the i.p. was suppressed by the Ca2+ antagonists such as verapamil and gentamicin but at high concentration. Mn2+ also depressed the i.p.s. This suggests the antagonistic interaction between Ca2+ and Mn2+ on the liberation of the non-adrenergic inhibitory substance. Therefore, similar mechanism on the non-adrenergic inhibitory transmission to that in the motor nerve endings is considered.
The i.p. in the duodenal smooth muscle was inhibited by increasing the external magnesium concentration. The obtained result agreed with that in the guinea-pig ileum (HOLMAN and WEINRICH, 1975; LANG, 1979; BAUER and KURIYAMA, 1982) but contradicts the findings of HIDAKA and KURIYAMA (1969) who reported no change in the amplitude of the i.p.
In the motor nerve terminals, ineffectiveness of the intracellular application of magnesium ions on the release of the transmitter has been demonstrated (MILEDI, 1973; KHARAscH et a!.,1981) . KHARASCH et al. (1981) suggested that antagonism of transmitter release by external Mg2+ occurs only at the external surface of the nerve ending.
At present, although the effects of magnesium ions on the i.p. in the intestinal smooth muscle have been studied (HIDAKA and KURIYAMA, 1969; HOLMAN and WEINRICH, 1975; LANG, 1979; BAUER and KURIYAMA, 1982) , no electrophysiological investigation of the effects of Ba2+ and Sr2+ on the i.p. has, as yet, been carried out. Since the i.p. in the Ca2+-free solution was restored by the addition of Ba2+ and Sr2+, it is suggested that the external barium and strontium ions can substitute for the participation of calcium ions on the generation of the i.p. and/or the release of the non-adrenergic inhibitory substance. Perhaps barium and strontium ions move into the non-adrenergic inhibitory neurons when electrical stimulation is given and control the release of the non-adrenergic inhibitory substance. The evidence that verapamil blocked the i.p. evoked in the Ba2+ and Sr2+ solutions suggests that barium and strontium ions enter through the same conductance pathway traversed by calcium ions. Investigations in other nerve terminals have demonstrated that Ba2+ is as effective as Ca2+ in supporting the release of neurotransmitter (DOUGLAS et al., 1961; SILINSKY, 1978) , including alternative mechanisms of Ba2+ action (HURLBUT et al., 1971) .
The membrane potential and the parameters of the i.p. were not affected by nifedipine except the half decay time of the i.p., even at the high concentration. However, the action of nifedipine on the i.p. was very characteristic. It was found that the two-peaked i.p.s were evoked by single stimuli in nifedipine. It is not clear whether threshold in the non-adrenergic inhibitory neurons is affected by nifedipine. However, the possibility cannot be excluded that two spikes in the non-adrenergic inhibitory neuron elicited by a single stimulus are a result of lowered threshold.
The amplitude of the second i.p. evoked in nifedipine was smaller than that of the first i.p. The observation was the same as that of the i.p. evoked by a paired pulse in normal solution. Therefore, it is clear that the second i.p, was due to the second release of the inhibitory substance. The amount of the second release seems to be less than that of the first release.
The results reported here suggest that the release of the non-adrenergic inhibitory substance requires Ca2+ which moves into the non-adrenergic inhibitory neuron through the Ca2+ conductance pathway from the external fluid. The Ca2+ influx seems to occur only when electrical stimulation is given and to interact with other divalent cations such as Mg2+ and Mn2+. The Ca2+ influx seems somewhat resistant to the Ca2+ antagonist such as verapamil, gentamicin, and nifedipine, because complete inhibition of the i.p. was not observed at the concentrations used. On the other hand, Ba2+ and Sr2+ influxes were sensitive to verapamil.
